Introduction {#sec1}
============

Multiple sclerosis (MS) is known as an autoimmune demyelinating disease of the central nervous system ([@ref1]. However, its cause remains elusive. There are two competing hypotheses for the etiology of MS ([@ref4]. The 'outside-in' hypothesis posits that a primary dysregulation of the immune system triggers autoimmunity against myelin, leading to demyelination and neurological deficits. Alternatively, the 'inside-out' hypothesis entertains the idea that dysfunctional OLs initiate demyelination and/or OL death, secondarily inducing autoimmunity against myelin. Given the heterogeneity of pathology observed in MS lesions, both hypotheses may be relevant. To gain insight into MS etiology, the International MS Genetics Consortium has conducted a large-scale genome-wide association study (GWAS), identifying 102 single nucleotide polymorphisms (SNPs) associated with MS ([@ref9]. Most MS SNPs are mapped to non-coding regions of the genome, and it is unclear how they confer genetic risk for MS. In order to translate the MS GWAS findings into the development of novel therapies, it is absolutely necessary to decode the functional mechanisms of the 102 MS SNPs.

Studies in other fields have shown that disease SNPs in non-coding regions tend to act by impairing enhancers, dysregulating gene expression of disease-relevant cell types ([@ref10]. We hypothesized that the same may be true for the MS SNPs. More specifically, we asked whether the MS SNPs impinge on OL enhancers, modestly dysregulating the gene expression of OL lineage cells. This modest dysregulation may not have an outright impact on developmental myelination because it is so robust, yet over time its accumulated effect could significantly perturb the integrity of OLs, especially in a vulnerable condition that depends on genetic background and environmental exposure. The compromised integrity of OLs may then make it more prone for the immune system to develop autoimmunity against myelin, initiating the vicious cycle of demyelination, release of more antigenic molecules and stronger subsequent autoimmunity.

To probe a potential link between the 102 MS SNPs and OL enhancers, we have constructed a genome-wide map of putative OL enhancers by analyzing public OL ChIP-seq data ([@ref14]. This map uncovered nine putative OL enhancers that overlap eight MS SNPs or SNPs in linkage disequilibrium with them. We found that two of the nine putative OL enhancers are bona fide OL enhancers that are active in the human brain. The two OL enhancers, which are 3 Kb apart on chromosome 13, are associated with rs17594362 (a tagging SNP for the MS GWAS ([@ref9]) and rs12429256 (in linkage disequilibrium with rs17594362, *r^2^* = 1). In each case, the MS SNP significantly up-regulated the associated OL enhancer in both proliferating and differentiating OL precursor cells (OPCs). Our interdisciplinary analysis revealed that Rgcc (also known as Rgc-32) is the primary target of the two OL enhancers. This is why we have named the OL enhancers as Rgcc-E1 (overlapping rs17594362) and Rgcc-E2 (overlapping rs12429256). Taken together, the main effect of rs17594362 and rs12429256 is to increase Rgcc expression by potentiating the enhancer activity of Rgcc-E1 and Rgcc-E2, which was confirmed by the expression quantitative trait loci (eQTL) analysis of the GTEx project ([@ref15]. Our study also suggests that Rgcc overexpression in OL lineage cells may be a key cellular mechanism of rs17594362 and rs12429256 for MS.

Results {#sec2}
=======

Two closely spaced OL enhancers overlap two MS SNPs in linkage disequilibrium {#sec3}
-----------------------------------------------------------------------------

To study the role of OL enhancers in development and disease, we have constructed a genome-wide map of 21 324 putative OL enhancers by analyzing public OL ChIP-seq data ([@ref14]. We compared this map with the 102 SNPs identified by the International MS Genetics Consortium as being significantly associated with MS ([@ref9] and SNPs in linkage disequilibrium with them. This comparison revealed 9 putative OL enhancers that overlap 8 MS SNPs or SNPs in linkage disequilibrium with them: rs17594362 (Vwa8 \[the nearest gene\]), rs12429256 (Vwa8), rs1335532 (CD58), rs17174870 (MERTK), rs4285028 (SLC15A2), rs2303759 (DKKL1), rs307896 (SAE1), rs12212193 (BACH2) and rs4902647 (ZFP36L1). There are two points to be noted about the genome-wide map of putative OL enhancers. First, the OL ChIP-seq data that we analyzed for the genome-wide map of putative OL enhancers are all from cultured rat OL lineage cells. Second, to minimize false negatives in predicting OL enhancers, we applied rather lenient criteria to the analysis of the OL ChIP-seq data. Consequently, some of the putative OL enhancers in our map may not be operative in the human central nervous system. To determine whether the nine putative OL enhancers associated with the MS SNPs are bona fide OL enhancers that are active in the human brain, we looked up the H3K27ac ChIP-seq data from the NIH Roadmap Epigenomics Project ([@ref16]. The Roadmap Epigenomics Project performed ChIP-seq experiments on human tissues for several histone marks, including H3K27ac that is associated with active enhancers ([@ref17]. The Roadmap Epigenomics Project H3K27ac ChIP-seq data show that two putative OL enhancers associated with rs17594362 (a tagging SNP for the MS GWAS ([@ref9]) and rs12429256 (in linkage equilibrium with rs17594362, *r^2^* = 1) overlap strong brain-specific H3K27ac peaks ([Fig. 1](#f1){ref-type="fig"}). This observation suggests that these two putative OL enhancers, which are 3 Kb apart on chromosome 13, are bona fide OL enhancers that are active in the human brain. For a reason to be explained later, we have named them as Rgcc-E1 (overlapping rs17594362) and Rgcc-E2 (overlapping rs12429256), respectively. The other seven putative OL enhancers either lack H3K27ac signals in the brain tissues or are associated with weak non-specific H3K27ac signals ([Fig. S1](#sup1){ref-type="supplementary-material"}), and we did not pursue them further. Of note, there is no spinal cord H3K27ac ChIP-seq data in the Roadmap Epigenomics Project.

![The NIH Roadmap Epigenomics Project H3K27ac ChIP-seq data for rs17594362 and rs12429256. These H3K27ac ChIP-seq data were visualized by the WASHU Epigenome Browser.](ddz216f1){#f1}

To corroborate the conclusion that Rgcc-E1 and Rgcc-E2 are OL enhancers, we performed a luciferase assay. To this end, we cloned Rgcc-E1 and Rgcc-E2 into pGL3-promoter (see **Materials and Methods**), and they were transfected into primary OPCs purified from mouse pups by immunopanning ([@ref18], [@ref19]. Our previous study has shown that luciferase reporter constructs transfected into primary OPCs persist in them at least for 3 days in culture ([@ref20]. For a potential condition-dependent enhancer activity of Rgcc-E1 and Rgcc-E2, transfected OPCs were split into two and cultured in the proliferation and differentiation conditions, respectively. Our culture conditions were as described by Emery and Dugas ([@ref18]. The proliferation and differentiation of mouse OPCs in these culture conditions were validated by marker expression ([Fig. S2](#sup1){ref-type="supplementary-material"}) and also monitored by Rffl, a specific and sensitive Myrf luciferase reporter ([@ref20], which was generated by cloning a Myrf ChIP-seq peak (rn4 chr10:71034166--71 034 749) into pGL3-promoter. Since Myrf is expressed in differentiating OLs, but not in OPCs ([@ref23], [@ref24], the reporter activity of Rffl increases upon the differentiation of OPCs. Compared to pGL3-promoter (the empty vector control), Rgcc-E1 and Rgcc-E2 significantly activated transcription in both the proliferation and differentiation conditions (^\*^*P* value \< 2.0 × 10^−3^ by one sample two-sided Student's *t* test corrected by the Bonferroni procedure, [Fig. 2A](#f2){ref-type="fig"}), demonstrating that Rgcc-E1 and Rgcc-E2 work as enhancers in OL lineage cells. The increased activity of Rffl in the differentiation condition compared to the proliferation condition is indicative of the differentiation of transfected OPCs in the differentiation condition. Given the two-fold increase in the reporter activity of Rffl, we estimate that transfected OPCs cultured in the differentiation condition were still in their early stage of differentiation.

![The enhancer activity of Rgcc-E1 and Rgcc-E2 in OL lineage cells and the effect of rs17594362 and rs12429256. (**A**) The enhancer activity of Rgcc-E1 and Rgcc-E2 cloned in pGL3-promoter was compared with that of pGL3-promoter (the empty vector) in primary mouse OPCs cultured in the proliferating and differentiating conditions. Shown are the means and standard errors (*n* = 8). ^\*^*P* value \< 2.0 × 10^−3^ by one sample two-sided Student's *t* test corrected by the Bonferroni procedure. (**B**) The rat OL ChIP-seq data underlying Rgcc-E1 and Rgcc-E2. (**C**) The effect of rs17594362 and rs12429256 on the enhancer activity of Rgcc-E1 and Rgcc-E2 in primary mouse OPCs cultured in proliferating and differentiating conditions. Shown are the means and standard errors (*n* = 8). ^\*^*P* \< 3.5 × 10^−2^ by unpaired two-sided Student's *t* test corrected by the Bonferroni procedure.](ddz216f2){#f2}

We also examined the OL ChIP-seq data underlying Rgcc-E1 and Rgcc-E2 ([Fig. 2B](#f2){ref-type="fig"}). The OL H3K27ac ChIP-seq data revealed a pronounced peak-valley-peak pattern for Rgcc-E1 ([@ref25], indicative of its enhancer activity. The peak-valley-peak pattern was also there for Rgcc-E2, but much weaker. In stark contrast, there was no peak whatsoever for Rgcc-E1 and Rgcc-E2 in the H3K4me3 ChIP-seq data ([@ref25], in keeping with their enhancer identity. Brg1 and Chd7, two important OL epigenetic regulators ([@ref25], bound to Rgcc-E1 and Rgcc-E2, suggesting that they may be involved in the epigenetic activation of Rgcc-E1 and Rgcc-E2. Olig2, Sox10 and Tcf7l2 play a critical role in OL development ([@ref25], [@ref28], and they all bound to Rgcc-E1 and Rgcc-E2. Notably, Sox10 bound to Rgcc-E1 and Rgcc-E2 in the mouse spinal cord ([@ref31], signifying *in vivo* enhancer activity, which is consistent with the brain tissue H3K27ac ChIP-seq data from the Roadmap Epigenomics Project. Collectively, we conclude that Rgcc-E1 and Rgcc-E2 are bona fide OL enhancers that are conserved between human, mouse and rat.

The risk alleles of rs17594362 and rs12429256 up-regulate the enhancer activity of Rgcc-E1 and Rgcc-E2 {#sec4}
------------------------------------------------------------------------------------------------------

Having confirmed that Rgcc-E1 and Rgcc-E2 are OL enhancers, we set out to determine how the risk alleles of rs17594362 and rs12429256 affect the enhancer activity of Rgcc-E1 and Rgcc-E2. By site-directed mutagenesis, we introduced the risk alleles to Rgcc-E1 and Rgcc-E2 in pGL3-promoter (T for Rgcc-E1 and A for Rgcc-E2), generating Rgcc-E1^T^ and Rgcc-E2^A^. By a luciferase assay, we compared their enhancer activity with that of their protective counterparts, Rgcc-E1^C^ and Rgcc-E2^C^. Rgcc-E1^T^, Rgcc-E1^C^, Rgcc-E2^A^ and Rgcc-E2^C^ were transfected into primary mouse OPCs, and transfected OPCs cultured in the proliferation and differentiation conditions, as above. We found that the risk alleles of rs17594362 and rs12429256 significantly up-regulate the enhancer activity of Rgcc-E1 and Rgcc-E2 in both the proliferation and differentiation conditions (^\*^*P* \< 3.5 × 10^−2^ by unpaired two-sided Student's *t* test corrected by the Bonferroni procedure, [Fig. 2C](#f2){ref-type="fig"}). These observations indicate that the risk alleles of rs17594362 and rs12429256 render Rgcc-E1 and Rgcc-E2 hyperactive throughout the OL lineage.

Chromatin interaction data suggest that Rgcc is the primary target of Rgcc-E1 and Rgcc-E2 {#sec5}
-----------------------------------------------------------------------------------------

In order to decode the functional mechanism of rs17594362 and rs12429256, it is necessary to identify the target gene of Rgcc-E1 and Rgcc-E2. To this end, we examined public chromatin interaction data to find a topologically associating domain (TAD) where Rgcc-E1 and Rgcc-E2 belong. An eye-opening discovery from chromatin conformation capture studies is that a gene and its enhancer tend to be found in the same TAD ([@ref32], [@ref33], a fundamental unit of genome organization and function ([@ref34]. Hence, the TAD information would allow us to make an educated guess about the target gene of Rgcc-E1 and Rgcc-E2, two closely spaced OL enhancers. There are two features of a TAD that need to be distinguished---internal detail and boundaries. The internal detail of a TAD reflects cell type-specific interactions among genes and enhancers, and it differs between cell types. In contrast, the boundaries of a TAD tend to be conserved between cell types and species ([@ref32]. Thus, even if there is no chromatin interaction data for OL lineage cells, we can still delineate the TAD for Rgcc-E1 and Rgcc-E2 by analyzing public chromatin interaction data for other cell types. We have successfully used this approach in our recent study for OL enhancers governing Myrf expression ([@ref14].

In order to delineate the TAD where Rgcc-E1 and Rgcc-E2 belong, we analyzed kilobase-resolution Hi-C data for seven diverse cell types from human and mouse ([@ref33]. The TAD organization around Rgcc-E1 and Rgcc-E2 is well defined and conserved between cell types and species (demarcated in green for IMR90 and CH12-LX, [Fig. 3A](#f3){ref-type="fig"}). Please note that Rgcc-E1 and Rgcc-E2 are very close to each other (just 3 Kb apart on chromosome 13). In [Figure 3A](#f3){ref-type="fig"}, they look like a single spot, whose location is marked by thin black crossing lines. The syntenic region that encompasses Rgcc and the two OL enhancers is flipped in mouse compared to human. Notably, this flip is also mirrored in the TAD organization (CH12-LX, [Fig. 3A](#f3){ref-type="fig"}), highlighting a high degree conservation of the TAD organization in this region through evolution. The Rgcc-E1 and Rgcc-E2 TAD spans about 350 Kb in the human genome ([Fig. 3B](#f3){ref-type="fig"}). Remarkably, there is only one protein-coding gene in this TAD, which is Rgcc (its promoter location is marked by thin blue crossing lines in [Fig. 3A](#f3){ref-type="fig"}). This immediately suggests that Rgcc is the primary target of Rgcc-E1 and Rgcc-E2. Vwa8 and Naa16 are close to this TAD, but their promoters are found outside of the TAD (arrows in [Fig. 3B](#f3){ref-type="fig"}), suggesting that they are unlikely to be the primary target of Rgcc-E1 and Rgcc-E2.

![Chromatin interaction data suggest that Rgcc is the primary target of Rgcc-E1 and Rgcc-E2. (**A**) The publicly available 5 Kb-resolution Hi-C data for 7 diverse cell types from human and mouse were analyzed to delineate the TAD for Rgcc-E1 and Rgcc-E2 ([@ref33]. The interaction frequency between two loci is indicated by color: white means no interaction, and red the strongest possible interaction. The position of Rgcc-E1 and Rgcc-E2 is marked by thin black crossing lines. The position of Rgcc is marked by thin blue crossing lines. The Rgcc-E1/E2 TAD is demarcated in green for IMR90 and CH12-LX. IMR90: lung fibroblast. K562 and KBM7: chronic myelogenous leukemia cells. HeLa: cervical cancer cell. HUVEC: human umbilical vein endothelial cell. NHEK: normal human epidermal keratinocyte. CH12-LX: murine CH12 B-cell lymphoma cell. (**B**) The TAD for Rgcc-E1 and Rgcc-E2 contains one protein-coding gene, Rgcc. Naa16 and Vwa8 are its neighbors, but their promoters are found out of the TAD.](ddz216f3){#f3}

Epigenome editing confirms that Rgcc is the primary target of Rgcc-E1 and Rgcc-E2 {#sec6}
---------------------------------------------------------------------------------

To find whether Rgcc is a target gene of Rgcc-E1 and Rgcc-E2, we performed epigenome editing experiments using CRISPRi (CRISPR interference), a cutting-edge epigenome editing technique ([@ref38]. In CRISPRi, dCas9-KRAB, a fusion protein between a nuclease-null Cas9 (dCas9) and a KRAB (Krüppel associated box) domain, is targeted to a specific locus by guide RNAs (gRNAs). When targeted to the promoter of a gene, dCas9-KRAB inactivates it, decreasing gene expression ([@ref38], [@ref39]. When targeted to an enhancer, dCas9-KRAB silences it, subsequently down-regulating its target genes ([@ref40]. This is how CRISPRi allows one to find target genes of a given enhancer.

To deliver dCas9-KRAB to Rgcc-E1 and Rgcc-E2, we designed four gRNAs for each enhancer (designated as G1 through G4, [Fig. 4A](#f4){ref-type="fig"}). For stable and inducible CRISPRi, we generated nine Oli-neu cell lines. Oli-neu cells are a widely used mouse OL cell line ([@ref44]. One cell line stably expresses Scr, a non-targeting negative control gRNA ([Fig. 4A](#f4){ref-type="fig"}). Four cell lines stably express the four gRNAs for Rgcc-E1. The other four lines stably express the four gRNAs for Rgcc-E2. These nine Oli-neu cell lines also express dCas9-KRAB in a doxycycline-dependent manner. To execute CRISPRi, doxycycline was added to the culture media for 2 days before RNA harvest. RT-qPCR analysis showed that when dCas9-KRAB is targeted to Rgcc-E1 by any of the four gRNAs, Rgcc expression goes down by more than 80% (^\*^*P* \< 4.7 × 10^−4^ by unpaired two-sided Student's *t* test corrected by the Bonferroni procedure, [Fig. 4B](#f4){ref-type="fig"}). Rgcc expression decreased similarly when dCas9-KRAB was targeted to Rgcc-E2 (^\*^*P* \< 1.2 × 10^−3^ by unpaired two-sided Student's *t* test corrected by the Bonferroni procedure, [Fig. 4B](#f4){ref-type="fig"}). Since the same results were obtained for Rgcc-E1 and Rgcc-E2 with multiple independent gRNAs, we conclude that Rgcc is a target gene of Rgcc-E1 and Rgcc-E2, ruling out the off-target effects of CRISPRi. It is interesting to note that although Rgcc-E1 and Rgcc-E2 are about 100 Kb apart from the Rgcc promoter, they have a powerful influence on Rgcc expression.

![Epigenome editing shows that Rgcc is the primary target of Rgcc-E1 and Rgcc-E2. (**A**) gRNAs used for epigenome editing experiments. Scr is a non-targeting negative control gRNA. For each of Rgcc-E1 and Rgcc-E2, four gRNAs were designed. (**B**) Rgcc-E1 and Rgcc-E2 were silenced by dCas9-KRAB in Oli-neu cells, and its effect on the expression of Rgcc, Vwa8 and Naa16 determined by RT-qPCR. Shown are the means and standard errors (*n* = 3). For Rgcc and Rgcc-E1, ^\*^*P* \< 4.7 × 10^−4^. For Rgcc and Rgcc-E2, ^\*^*P* \< 1.2 × 10^−3^. For Vwa8 and Rgcc-E1, ^\*^*P* \< 3.3 × 10^−3^. For Vwa8 and Rgcc-E2, ^\*^*P* \< 7.0 × 10^−4^. For Naa16 and Rgcc-E2, ^\*^*P* \< 5.1 × 10^−3^. All *P* values by unpaired two-sided Student's *t* test corrected by the Bonferroni procedure.](ddz216f4){#f4}

Having found that Rgcc is a target gene of Rgcc-E1 and Rgcc-E2, we asked whether Rgcc is their primary target. To this end, the same RNA samples were analyzed for Vwa8 and Naa16, two neighboring genes of Rgcc ([Fig. 3B](#f3){ref-type="fig"}). Silencing Rgcc-E1 by dCas9-KRAB did not have a significant effect on the expression of Vwa8 and Naa16 ([Fig. 4B](#f4){ref-type="fig"}); only G4 reached statistical significance for Vwa8. Two-way analysis of variance (ANOVA) confirmed the differential effect of Rgcc-E1 on Rgcc versus Vwa8 and Naa16 (*P* value corrected by the Bonferroni procedure \< 9.1 × 10^−3^). These results indicate that Rgcc is the primary target of Rgcc-E1. Similarly, knockdown of Rgcc-E2 by dCas9-KRAB had a much weaker effect on Vwa8 and Naa16 than on Rgcc (two-way ANOVA *P* value corrected by the Bonferroni procedure \< 3.3 × 10^−2^). Taken together, Rgcc is the primary target of Rgcc-E1 and Rgcc-E2. Of note, there is an overall downward trend for Vwa8 and Naa16 when Rgcc-E1 and Rgcc-E2 are silenced by dCas9-KRAB. This suggests that the boundaries of the TAD that contains Rgcc-E1 and Rgcc-E2 do not insulate these enhancers perfectly and that Rgcc-E1 and Rgcc-E2 have a secondary weak effect on Vwa8 and Naa16 ([@ref45].

Expression quantitative trait loci analysis confirms the molecular mechanism of rs17594362 and rs12429256 {#sec7}
---------------------------------------------------------------------------------------------------------

Our data so far suggest that rs17594362 and rs12429256 induce Rgcc overexpression by potentiating the enhancer activity of Rgcc-E1 and Rgcc-E2. To gain further support for this molecular mechanism, we examined eQTL data from the GTEx project ([@ref15]. Simply speaking, an expression quantitative trait locus is a locus whose allele is significantly correlated with the expression level of a gene. By correlating gene expression with common SNPs, the GTEx project has identified eQTL for many genes in various human tissues and cell lines. If our molecular mechanism were correct, rs17594362 and rs12429256 might show up as eQTL for Rgcc in some tissues or cell lines. Indeed, the GTEx eQTL data show that rs17594362 and rs12429256 are Rgcc eQTL in several tissues and cell lines ([Table 1](#TB1){ref-type="table"}). There are two important points to note about these eQTL data. First, the effect size of rs17594362 and rs12429256 for Rgcc is always positive ([Table 1](#TB1){ref-type="table"}), meaning that the dosage of the risk allele is always positively correlated with Rgcc expression level. It confirms our molecular mechanism that the two MS SNPs act by inducing Rgcc overexpression. Second, Rgcc is the one and only gene for which rs17594362 and rs12429256 are eQTL, meaning that any effect on gene expression that arises from the two MS SNPs is specifically targeted to Rgcc. It is consistent with our epigenome editing results showing that Rgcc is the primary target of Rgcc-E1 (rs17594362) and Rgcc-E2 (rs12429256). Of note, rs17594362 and rs12429256 did not come out as Rgcc eQTL in the brain and spinal cord, most likely because many cell type-specific signals are lost in complex tissue samples ([@ref46]. On the other hand, the observation that rs17594362 and rs12429256 are Rgcc eQTL in tissues that do not contain OL lineage cells suggests that Rgcc-E1 and Rgcc-E2 are also active in other cell types.

###### 

The GTEx eQTL data for rs17594362 and rs12429256

  SNP                               Gene   Tissue                    \# of samples   Effect size  *P* value
  --------------------------------- ------ ------------------------ --------------- ------------- ------------
  rs17594362 (Rgcc-E1)              Rgcc   Adipose---subcutaneous         385           0.58      4.20E^−12^
  Muscle---skeletal                 491    0.35                       3.00E^−07^                  
  Nerve---tibial                    361    0.33                       9.70E^−19^                  
  Esophagus---muscularis            335    0.29                       2.20E^−06^                  
  Skin---sun exposed (lower leg)    414    0.24                       1.10E^−06^                  
  Cells---transformed fibroblasts   300    0.19                       9.20E^−06^                  
  rs12429256 (Rgcc-E2)              Rgcc   Adipose---subcutaneous         385           0.46      1.20E^−08^
  Muscle---skeletal                 491    0.34                       1.50E^−07^                  
  Nerve---tibial                    361    0.31                       7.20E^−19^                  
  Esophagus---muscularis            335    0.30                       6.10E^−07^                  
  Skin---sun exposed (lower leg)    414    0.22                       3.10E^−06^                  

These data were downloaded from the GTEx project website. Only eQTL with *P* \< 1.0 × 10^−5^ are shown.

Discussion {#sec8}
==========

MS is commonly known as an autoimmune demyelinating disease of the central nervous system. However, its cause remains elusive. To gain insight into the etiology of MS, the International MS Genetics Consortium has conducted a large-scale GWAS, identifying 102 SNPs for MS susceptibility ([@ref9]. The SNP rs17594362 is among the 102 MS SNPs. Our study shows that rs17594362 and rs12429256, a SNP in linkage disequilibrium with rs17594362 (*r^2^* = 1), up-regulate Rgcc-E1 and Rgcc-E2, respectively. Chromatin interaction data and epigenome editing experiments indicate that Rgcc is the primary target of Rgcc-E1 and Rgcc-E2. Taken together, our study finds that rs17594362 and rs1229256 up-regulate the expression of Rgcc by potentiating the enhancer activity of Rgcc-E1 and Rgcc-E2. Importantly, this molecular mechanism is well supported by the eQTL data of the GTEx project ([@ref15].

A remaining issue for the molecular mechanism of rs17594362 and rs1229256 is how they up-regulate the enhancer activity of Rgcc-E1 and Rgcc-E2. For the rs17594362/Rgcc-E1 case, our computational analysis suggests that Sox family transcription factors may play a role. The protective allele of rs17594362 is C, and the DNA sequence around it is CC[C]{.ul}TTGT, where the underlined C is the protective allele. For the risk allele T, the sequence is changed to CC[T]{.ul}TTGT, which is a better match to the Sox motif than CC[C]{.ul}TTGT. Sox family transcription factors may preferentially bind to the risk allele, potentiating the enhancer activity of Rgcc-E1. On the other hand, Ets family transcription factors may be responsible for the rs12429256/Rgcc-E2 case. The protective allele of rs12429256 is C, and the DNA sequence around it is GG[C]{.ul}A, where the underlined C is the protective allele. For the risk allele A, the sequence is changed to GG[A]{.ul}A, which is a better match to the Ets motif than GG[C]{.ul}A. Ets family transcription factors may keep Rgcc-E2 hyperactive in the presence of the risk allele, inducing Rgcc overexpression.

While our study has elucidated the molecular mechanism of rs17594362 and rs12429256, it does not address their cellular mechanism, which is beyond the scope of the current study. To address the cellular mechanism of the two MS SNPs, one first has to elucidate in which cell type rs17594362 and rs12429256 up-regulate Rgcc expression. Our study and the NIH Roadmap Epigenomics Project data suggest, but do not prove, that OL lineage cells are one such cell type. At present, there is no solid evidence directly proving that rs17594362 and rs12429256 up-regulate Rgcc expression in OL lineage cells. This is why the current study did not address the impact of Rgcc overexpression on OL differentiation. If rs17594362 and rs12429256 indeed increase the expression level of Rgcc in OL lineage cells, we expect it to negatively impact OL development for the following reason. Rgcc is a multifunctional molecule with a prominent role in cell cycle activation ([@ref47]. Not much is known about its role in OL lineage cells except that it enhances the proliferation of OPCs *in vitro* ([@ref47], [@ref50]. Consistent with its role in cell proliferation, it is highly expressed in OPCs, but not in differentiating OLs ([@ref51]. Given this expression profile, Rgcc overexpression in OL lineage cells may interfere with their proper differentiation in two different ways that are not mutually exclusive. First, given that Rgcc activates the proliferation of OPCs *in vitro*, Rgcc overexpression may indirectly inhibit their differentiation by tipping the balance of proliferation versus differentiation toward proliferation, since proliferation and differentiation are mutually exclusive for OPCs ([@ref52], [@ref53]. Second, in light of its pleiotropic role in signal transduction and the pathological activation of fibroblasts and astrocytes ([@ref49], [@ref54], [@ref55], Rgcc overexpression may directly impair the differentiation process. Further, if Rgcc, which is barely expressed in mature OLs ([@ref51], continues to be expressed in mature OLs, their differentiated state may be perturbed.

Another important issue regarding the cellular mechanism of rs17594362 and rs12429256 is whether there are any other cell types than OL lineage cells where rs17594362 and rs12429256 up-regulate Rgcc expression. The NIH Roadmap Epigenomics Project data show that Rgcc-E1 and Rgcc-E2 are highly specific to the central nervous system (CNS). Although the eQTL data of the GTEx project indicate that rs17594362 and rs12429256 increase Rgcc expression in cell types outside of the CNS, those cell types must be rare in light of the Roadmap Epigenomics Project H3K27ac ChIP-seq data ([Fig. 1](#f1){ref-type="fig"}). Consistently, a recent single-cell ATAC-seq study from the Shendure laboratory shows that Rgcc-E1 and Rgcc-E2 are primarily active in OL lineage cells and astrocytes ([@ref46]. Collectively, rs17594362 and rs12429256 are likely to confer genetic risk for MS by increasing Rgcc expression in OL lineage cells and/or astrocytes. Notably, the single-cell ATAC-seq data indicate that Rgcc-E1 and Rgcc-E2 are not active in immune cells, which is in line with the Roadmap Epigenomics Project H3K27ac ChIP-seq data ([Fig. 1](#f1){ref-type="fig"}). Hence, while the Rgcc gene itself is expressed in diverse cell types, including immune cells, Rgcc-E1 (associated with rs17594362) and Rgcc-E2 (associated with rs12429256) are specific to OL lineage cells and astrocytes, which is why rs17594362 and rs12429256 are not expected to work through immune cells. Our future study will determine whether rs17594362 and rs12429256 up-regulate Rgcc expression in OL lineage cells and astrocytes. Once we identify the cell type in which rs17594362 and rs12429256 exert their effects, we will elucidate the cellular effect of Rgcc overexpression, shedding light on how the two MS SNPs increase the risk of MS.

Materials and Methods {#sec9}
=====================

*Constructs and cell lines* Rgcc-E1 (hg19 chr13:42139139--42 139 932) and Rgcc-E2 (hg19 chr13:42136177--42 136 600) were cloned into pGL3-promoter (Promega). Human genomic DNA was purchased from Promega (\#G1471), and Rgcc-E1 and Rgcc-E2 amplified from it by PCR. Site-directed mutagenesis was performed by a PCR-based method to introduce the risk alleles of rs17594362 and rs12429256 into Rgcc-E1 and Rgcc-E2, respectively. To generate an inducible dCas9-KRAB construct, a dTomato-P2A-blasticidin cassette was amplified from pSBbi-RB (Addgene \#60522) by PCR and inserted into pAAVS1-NDi-CRISPRi (Addgene \#73497). This plasmid was inserted into the Rosa26 locus of Oli-neu cells ([@ref44] by CRISPR/Cas9, and correctly modified cells were selected by blasticidin resistance and dTomato expression. These cells express dCas9-KRAB in a doxycycline-dependent manner. To generate gRNA expression vectors, the EF-1α promoter of pSBbi-GP (Addgene \#60511) was replaced by the gRNA scaffold taken from lentiCRISPR v2 (Addgene \#52961). Guide RNAs were designed by using a web service from the Zhang laboratory (zlab.bio/guide-design-resources). The gRNA plasmid was inserted into the genome of the dCas9-KRAB Oli-neu cell line by SB100X ([@ref56], a hypersensitive transposon. The sequence information of all constructs was verified by Sanger sequencing.

*Animal procedures, tissue harvest and cell culture* The current study was conducted in strict accordance with the protocol approved by the Institutional Animal Care and Use Committee of SUNY Buffalo (protocol \#NA-Park2). OPCs were purified from mouse pups of P7 \~ P9 by immunopanning ([@ref19]. The original immunopanning protocol for mouse OPCs ([@ref18] did not work well in our hands. Instead, we found that the immunopanning protocol for rat OPCs works well for mouse OPCs, and this is why we used it to purify mouse OPCs. Primary mouse OPCs and Oli-neu cells were kept in a proliferative condition by supplementing the Sato media ([@ref19] with PDGF (10 μg/mL), NT3 (1 μg/mL), CNTF (10 μg/mL) and NeuroCult™ SM1 Neuronal Supplement. Both were maintained in a humidified 8% CO~2~ incubator at 37°C. Transient transfection was performed using Lipofectamine 2000 as per the manufacturer's instructions.

*Computational analysis* The NIH Roadmap Epigenomics Project data were visualized by the WASHU Epigenome Browser (<http://epigenomegateway.wustl.edu/legacy>). The OL ChIP-seq data were downloaded from the Sequence Read Archive. Their accession numbers are as follows: Brg1 (GSM1040154, GSM1040155), Chd7 (GSM1869162), H3K27ac (GSM1040159, GSM1040160, GSM1040161), H3K4me3 (GSM1040162, GSM1040163, GSM1040164), Olig2 (GSM1040156, GSM1040157, GSM1040158), Sox10 (GSM1869163, GSM1577133, GSM1577134), Tcf7l2 (GSM1587566, GSM1587567, GSM1587568). Hi-C data were visualized by Juicebox ([@ref57]. Expression quantitative trait loci data were downloaded from the GTEx website (<https://www.gtexportal.org/home/index.html>). The single-cell mouse ATAC-seq data ([@ref46] were downloaded from the Shendure laboratory website (<http://atlas.gs.washington.edu/mouse-atac>). Genomic coordinates were mapped among hg38, hg19, mm9 and rn4 by the LiftOver function of the UCSC Genome Browser.

*Luciferase assay* Luciferase assays were performed using the dual luciferase reporter assay kit (Promega) as per the manufacturer's instructions. Primary mouse OPCs were transfected with pRL-TK (an internal control) and pGL3-promoter/Rgcc-E1/Rgcc-E2. Firefly and Renilla luciferase activities were measured, and their ratios calculated to estimate enhancer activity.

*RT-qPCR* Total RNA was purified using Trizol (Thermo Fisher Scientific \#15596026), and cDNA synthesized by the SuperScript First-Strand kit (Invitrogen \#11904-018). Quantitative PCR was performed by C1000 Touch thermal cycler with the CFX384 optical reaction module (Bio-rad) to quantify the mRNA expression levels of Rgcc, Vwa8, Naa16 and Gapdh. The expression level of a gene was normalized by that of Gapdh. Each PCR reaction contained 2 μL of cDNA, 5 μL of the iTaq Universal SYBR Green Supermix (Bio-rad \#1725124) and 500 nM of forward and reverse primers. The primer sequences are shown in [Table 2](#TB2){ref-type="table"}.

###### 

Primer sequences for RT-qPCR

  ------- ------------------------------ -------------------------
  Rgcc    F                              GGCTTCAGCGACTCGGAG
  R       CTTTCCGAGGAGTGACAGCG           
  Vwa8    F                              CTCATGTCTGCGGAGCGC
  R       GTACCTGGGCACTGGCAAG            
  Naa16   F                              GGGTGTCCACCTCTGTTCACTAC
  R       CTTCTCCCCGTTCTCATAAGGGC        
  Gapdh   F                              GGTGAAGGTCGGTGTGAACGG
  R       CTGGAACATGTAGACCATGTAGTTGAGG   
  ------- ------------------------------ -------------------------
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Click here for additional data file.
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